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(57) A process for producing an aldehyde, which 
comprises a reaction step of producing an aldehyde by 
reacting an olefinic compound with carbon monoxide 
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phosphite in a reaction zone, a separation step of 
obtaining a catalyst solution containing the rhodium 
complex catalyst by separating the aldehyde from a 
reaction solution taken from the reaction zone, and a 
recycling step of recycling the catalyst solution into the 
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the reaction solution in such a manner as to make an 
aldehyde concentration from 0.5 to 99 wt% in the cata- 
lyst solution. 
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[0001 ] The present invention relates to a process for producing an aldehyde by reacting hydrogen and carbon mon- 
oxide with an olefinic compound in the presence of a rhodium complex catalyst containing an organic phosphite as a 
5 ligand. Particularly, the present invention relates to a process for preventing a catalyst activity from lowering in recycle 
use of the rhodium complex catalyst 

[0002] Rhodium is widely known as a catalyst for hydrofbrmylation reaction, and it is also known to those skilled in 
the art that activity and selectivity of hydroformylation reaction can be improved by modifying the catalyst with a ligand 
such as a trivalent phosphorus compound. Therefore, the trivalent phosphorus compound to be used as a ligand has 
to been variously studied. Particularly, a hydroformylation catalyst containing an organic phosphite exhibiting high reactiv- 
ity and selectivity as a ligand has been variously studied in recent years. 

[0003] For example, JP-A-57-123134 discloses a method for using a triarylphosphite having a substituent at a 
specified position of a phenyl ring as a ligand. JP-A-59-51228 and JP-A-59-51230 disclose a method for using a cyclic 
phosphite having a phosphorus atom at a bridgehead as a ligand. JP-A-61-501268 discloses a method for using a dior- 

15 ganophosphite having a cyclic structure as a ligand. JP-A-62-1 16587 discloses a bidentate phosphite compound 
wherein one of the two phosphite groups has a cyclic structure, and JP-A-62-1 16535 discloses a bidentate phosphite 
compound wherein both of the two phosphite groups have cyclic structures. JP-A-4-290551 discloses a method for 
using a bisphosphite having a cyclic structure as a ligand. Also, JP-A-5-339207 of the present applicant discloses a 
method for using a bisphosphite or polyphosphate having a substituent at a specified position as a ligand. 

20 [0004] However, when industrially using an organic phosphite as a ligand, it is desired to improve its stability. 
[0005] That is. since rhodium is very expensive, it is desired to recover a rhodium complex catalyst from a reaction 
product solution for recycle use in the hydroformylation reaction of an olefinic compound using a rhodium complex cat- 
alyst containing an organic phosphite. However, when an aldehyde is distilled out by distilling a reaction product solution 
and a reaction medium containing a rhodium complex catalyst recovered from the bottom of a distillation column is recy- 

25 cled into a reaction zone as a catalyst solution, in accordance with usual method, the catalytic activity is gradually low- 
ered. It is one of the causes that an organic phosphite constituting the rhodium complex catalyst is decomposed and 
the decomposed product poisons the catalyst or causes further decomposition of the organic phosphite. 
[0006] The present inventors have studied the lowering of catalyst activity caused by recycling the rhodium complex 
catalyst in the hydroformylation reaction, and have discovered that an organic phosphite is decomposed to form an 

30 organic phosphonate, which poisons the catalyst and becomes a precursor of a compound accelerating further decom- 
position of the organic phosphite. It has been discovered that the poisoning of the catalyst by this organic phosphonate 
is easily caused in a separation step and a recycling step, wherein an aldehyde is taken by distilling a reaction product 
solution of hydroformylation and a catalyst solution containing a rhodium complex catalyst is recovered and recycled 
into a reaction zone. That is, in such a hydroformylation reaction zone where large amounts of carbon monoxide and 

35 hydrogen are present, the organic phosphonate must compete with them to be coordinated with rhodium, and therefore 
a degree of poisoning the rhodium complex catalyst is relatively little. However, in the separation and recycling steps, 
carbon monoxide and hydrogen are not present, and therefore the organic phosphonate is easily coordinated with rho- 
dium to lower the catalyst activity. 

[0007] The present inventors have studied a method for preventing the rhodium complex catalyst from poisoning by 
40 the organic phosphonate in the separation and recycling steps, and have discovered that the poisoning of the catalyst 
can be reduced by separating an aldehyde so as to have the aldehyde remained in the catalyst solution in the separa- 
tion step. It is considered that the aldehyde in the catalyst solution reacts with the organic phosphonate to convert the 
organic phosphonate into a compound less poisoning the catalyst 

[0008] The present invention has been accomplished on the basis of the above-mentioned discoveries, and accord- 
45 ing to the present invention, the degradation of the catalyst activity can be prevented by a process for producing an 
aldehyde, which comprises a reaction step of producing an aldehyde by reacting an olefinic compound with carbon 
monoxide and hydrogen in the presence of a rhodium complex catalyst comprising at least rhodium and an organic 
phosphite in a reaction zone, a separation step of obtaining a catalyst solution containing the rhodium complex catalyst 
by separating the aldehyde from a reaction solution taken from the reaction zone, and a recycling step of recycling the 
so catalyst solution into the reaction zone, wherein the aldehyde is separated from the reaction solution in such a manner 
as to make an aldehyde concentration at least 0.5 wt%, preferably from 0.5 to 99 wt%, in the catalyst solution. 
[0009] The present invention is described further in more details hereinafter. The hydroformylation reaction of the 
present invention can be carried out in accordance with a usual hydroformylation reaction method using a rhodium com- 
plex catalyst having an organic phosphite as a ligand. 
55 [001 0] The rhodium complex catalyst used in the reaction can be prepared in accordance with a well known method 
of preparing a rhodium-organic phosphite complex catalyst. The rhodium complex catalyst may be previously prepared 
to be used in the reaction, or may be prepared from a rhodium compound and an organic phosphite in the reaction sys- 
tem. Examples of the rhodium compound used for preparing the catalyst include an inorganic or organic salt of rhodium 



2 
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such as rhodium chloride, rhodium nitrate, rhodium acetate, rhodium formate, sodium chlorortiodate. potassium chlo- 
rorhodate or the like, rhodium metal carried on a carrier such as alumina, silica, activated carbon or the like, a rhodium 
chelate compound such as rhodium dicarbonyl acetylacetonate, rhodium (1 ,5-cyclooctadiene)acetylacetonate or the 
like, and a rhodium carbonyl complex compound such as tetrarhodium dodecacarbonyl, hexarhodium hexadecacarbo- 
nyl, ji.ji'-dichlororhodium tetracarbonyl, [Rh(OAc) (COD)] 2 (COD represents 1, 5-cyclooctadiene), [Rh&i-S-t-Bu) 
(CO)2] 2 ,orthelike. 

[0011] Examples of the organic phosphite as a ligand include an organic phosphite such as a triaryfphosphite, a 
trialkylphosphite, an alkylarylphosphite or the like. Also, a polyphosphite having a plurality of phosphite structures in the 
sane molecule, such as a bisphosphite, a trisphosphite or the like, can be used. 

[001 2] Among these organic phosphites, a monophosphite can be classified into a compound having a cyclic struc- 
ture containing a phosphorus atom and a compound not having such a structure. The former monophosphite is 
expressed by the following formula (1 ), 



wherein R 1 to R 3 are respectively independently a C r C3 0 hydrocarbon group such as an alkyl group, a cycloalkyl 
group, an aryl group, an aralkyl group or the like (or a C5-C30 heteroaromatic hydrocarbon group), and they may have 
a substituent which will not inhibit hydroformylation reaction. Examples of these substituents include a halogen atom, a 
(VC20 alkyl group, a cycloalkyl group, an aryl group, an alkoxy group, an alkylamino group, an acyl group, an acyloxy 
group, an alkoxycarbonyl group, and the like. 

[001 3] Among these organic phosphites expressed by the formula (1 ). at least one of R 1 to R 3 is preferably a sub- 
stituted aryl group expressed by the following formula (2), 



wherein R 4 is an aryl group which may have a substituent that will not inhibit hydroformylation reaction or -CR 9 R 10 R 11 
wherein R 9 to R 11 are respectively independently a hydrogen atom or a hydrocarbon group which may be fluorinated. 
A preferable example of R 4 includes a group having a branched chain at the 1 -position such as an isopropyl group or a 
t-butyl group. R 5 to R 8 are respectively independently a hydrogen atom or an organic group which will not inhibit hydro- 
formylation reaction. Also, adjacent groups of R 5 to R 8 may be bonded to each other to form a condensed aromatic ring 
or a condensed heteroaromatic ring. 

[0014] Examples of these organic phosphites include diphenyl (2,4-di-tert-butylphenyOphosphite. diphenyl (2-iso- 
propylphenyQphosphite. bis(2-tert-butyl-4-methylphenyl)phenylphosphite, diphenyl(3,6-di-tert-butyl-2-naphthyl)phos- 
phite, bis(2-naphthyl)3,6-di-tert-butyl-2-naphthyl)phosphite, bis(3,6.8-tri-tert-butyl-2-naphthyl)phenylphosphite, 
bis(3,6,8-tri-tert-butyl-2-naphthy0(2-naphthyl)phosphite, and the like. 

[0015] Particularly preferable examples of the organic phosphite expressed by the formula (1) indude an organic 
phosphite wherein all of R 1 to R 3 are a substituted aryl group expressed by the formula (2). Particular examples of the 
organic phosphite include tris(2,4-di-tert-butylphenyl)phosphite, tris(2-tert-butyl-4-methylphenyl)phosphite, tris(2«tert- 
butyl-4-methoxyphenyOphosphite, tris(o-phenylphenyl)phosphite. tris(o-methylphenyl)phosphite t bis(3,6-di-tert-butyl-2- 
naphthyl)(2,4-di-tert-butylphenyl)phosphite, bis(3,6<Ji-tert-butyl-2-naphthyl)(2-tert-butylphenyl)phosphite, tris(3,6-di- 
tert-butyl-2-naphthyl)phosphite, trista.e-di-tert-amyl-a-naphthyljphosphite, and the like. 

[0016] Among the monophosphates, a monophosphite having a cyclic structure containing a phosphorus atom is 
expressed by the following formula (3). 
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[0017] In the above formula, Z is a divalent hydrocarbon group which may have a substituent that will not inhibit 
hydroformylation reaction, and Y is a hydrocarbon group or a heteroaromatic hydrocarbon group, which may have a 
substituent that will not inhibit hydroformylation reaction. 

[001 8] In the above formula (3), Y is preferably a substituted aryl group expressed by the above-mentioned formula 
(2). Also, Z is preferably an alkylene group, an arylene group or a mixture of the two, which may contain a hetero atom 
such as oxygen, nitrogen or sulfur atom in a carbon chain. Examples of such a divalent hydrocarbon group include an 
alkylene group, an alkylene-axy-alkylene group, an alkylene-amino-alkylene group which may have an alkyi group 
bonded to a nitrogen atom, an alkylene-thio-alkylene group, a cydoalkylene group, an arylene group, a cfiarylene group, 
an alkylene-arylene group, an arylene-alkylene-arylene group, an arylene-oxy-aryiene group, an arylene-oxy-alkylene 
group, an arylene-thio-arylene group, an arylene-thio-alkylene group, or an arylene-amino-arylene or arylene-amino- 
alkylene group which may have an alkyl group bonded to a nitrogen atom. 

[001 9] A preferable example of the organic phosphite expressed by the formula (3) is expressed by the following 
formula (4). 



R' 2 

P^O-Y (4 ) 



O 
\ 



R 13 



[0020] In the above formula, R 12 and R 13 are respectively independently a hydrogen atom or an alkyl group, a 
cydoalkyl group or an aryl group, which may have a substituent that will not inhibit hydroformylation reaction, and n is 
an integer of from 0 to 4. Y is as defined in the above formula (3), and is preferably a substituted aryl group expressed 
by the above-mentioned formula (2). 

[0021] In the above formula (4), typical examples of R 12 and R 13 include a methyl group, an ethyl group, a phenyl 
group, a tolyl group, a benzyl group, a naphthyl group, a hyroxymethyl group, a hydroxyethyl group, a trifluoromethyl 
group, and the like. 

[0022] A preferable example of the organic phosphite expressed by the formula (3) includes one expressed by the 
formula (5). 




[0023] In the above formula, R 14 is an alkyl group, a cydoalkyl group, an alkoxy group, an acyl group, an acyloxy 
group, or an aryl group which may have a substituent that will not inhibit hydroformylation reaction, and its bonding 
group may be present at any position of o-, m- and p-positions. Also, R 14 may form a condensed aromatic ring such as 
a naphthalene ring by condensing with a benzene ring to be bonded. Y is as defined in the formula (3), and is preferably 
a substituted aryl group expressed by the above-mentioned formula (2). 

[0024] Another preferable example of the organic phosphite expressed by the formula (3) includes one expressed 
by the following formula (6). 
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(Ar)-0 



5 




(C»n 
(CH2) n 

(Ar)~0 



P-O-Y 




(6) 



w 



15 



[0025] In the above formula, Ar is an aryl group which may have a substituent thai will not inhibit hydroformylation 
reaction, and may be different from each other Q is a different crosslinWng group such as -CR 15 R 16 -, -0-, -S-, -NR 17 - 
, -SiR 18 R 19 -, -CO- or the like. In these crosslinking groups, R 15 and R 16 are respectively independently a hydrogen 
atom, a C r C 12 alkyl group, a phenyl group, a tolyl group or an anisil group, and R 17 to R 19 are respectively independ- 

20 ently a hydrogen atom or a methyl group, n is respectively independently 0 or 1 . Y is as defined in the formula (3). Pref- 
erable examples of Y include a C r C2 0 alkyl or cycloalkyl group such as a methyl group, an ethyl group, a n-propyl 
group, an isopropyl group, a n-butyl group, a sec-butyl group, a t-butyl group, a n-pentyl group, an isopentyl group, a t- 
pentyl group, a neoperrtyl group, a n-hexyl group, a t-hexyl group, a cyclohexyl group, an isooctyl group, a 2-ethyf hexyl 
group, a decyl group, an octadecyl group or the like, and an aryl group such as a phenyl group, an a-naphthyl group, a 

25 p-naphthyl group or the like, which may have a substituent that will not inhibit hydroformylation reaction. Examples the 
substituent of an aryl group include a (VCgo alkyl, cycloalkyl. alkoxy, acyl, acyloxy, alkoxycarbonyl or alkylamino group, 
or a halogen atom. A particularly preferable example of the organic phosphite of the formula (6) includes one expressed 
by the following formula (7) or (8). 
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[0026] In the above formulae, Q, Y and n are as defined in the above formula (6), and R 20 to R 25 are respectively 
independently a C r C2o alkyl, cycloalkyl, alkoxy, alkylamino. acyl, acyloxy or alkoxycarbonyl group or a halogen atom. 
[0027] Some examples of the above organic phosphites having a cyclic structure containing a phosphorus atom are 
illustrated in the following Table 1 . 

Table 1 
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Table 1 (continued) 

No.ll No.13 




[0028] A polyphosphile having at least 2 phosphite structures in the molecule used as a ligand in the present inven- 
tion, is expressed by the following formula (9). 




P-Ofw-/o-p{° R \ {95 



[0029] In the above formula, Z is as defined in the above formula (3), and R 26 and R 27 are respectively independ- 
ently a C r C 30 hydrocarbon group such as an alkyl group, a cycloalkyl group, an aryl group, an aralkyl group or the like 
(or a C5-C3 0 heteroaromatic hydrocarbon group), and these groups may have a substituent that will not inhibit hydrofor- 
mylation reaction. Examples of these substituents include a halogen atom, a (VC20 alkyl, cycloalkyl, aryl, alkoxy, 
alkylamino, acyl. acyloxy or alkoxycarbonyl group, and the like, 

[0030] Examples of R 26 and R 27 include a C r C 20 linear or branched alkyl group such as a methyl group, an ethyl 
group, a n-propyl group, an isopropyl group, a n-butyl group, a s-butyl group, a t-butyl group, a n-pentyl group, an iso- 
pentyl group, a neopentyl group, a t-pentyl group, a t-hexyl group or the like; a C3-C20 cycloalkyl group such as a cyclo- 
propyl group, a cyclohexyl group, a cyclooctyl group, an adamantyl group or the like; an aryl group which may have a 
substituent, such as a phenyl group, an a-naphthyl group, a p-naphthyl group, a methaxyphenyl group, adimethoxyphe- 
nyl group, a cyanophenyl group, a nitrophenyl group, a chlorophenyl group, a dichlorophenyl group, a pentaf luorophenyl 
group, a methylphenyl group, an ethylphenyl group, a dimethylphenyl group, a trifluoromethylphenyl group, a methyl- 
naphthyl group, a methoxynaphthyl group, a chloronaphthyl group, a nitronaphthyl group, a tetrahydronaphthyl group or 
the like; an aralkyl group such as a benzyl group or the like; and a heteroaromatic group such as a pyridyl group, a meth- 
ylpyridyl group, a nitropyridyl group, a pyrazyl group, a pyrimidyl group, a benzofuryl group, a quinolyl group, an isoqui- 
nolyl group, a benzimidazolyl group, an indolyl group or the like. 
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[0031 ] W is a (nr^+m^ valent hydrocarbon group which may contain a hetero atom such as oxygen, nitrogen or sul- 
fur atom in a carbon chain and may have a substituent that will not inhibit hydrolbrmylation reaction, m^ and rr^ respec- 
tively indicate an integer of from 0 to 6, and rr\^w\ 2 indicates an integer of from 2 to 6. When or rr^ indicates an 
integer of at least 2, a plurality of Z, R 26 and R 27 may be respectively different from each other. 
[0032] Z is preferably ones expressed by the above-mentioned formulae (4) to (8), and R 26 and R 27 are an aryl 
group which may have a substituent that will not inhibit hydroformylation reaction. Examples of such an aryl group 
include a phenyl group, a 2-methylphenyl group, a 3-methylphenyl group, a 4-methylphenyl group, a 2,4-dimethylphenyl 
group, a 2,Sdimethylphenyl group, a 2,6-dimethyfphenyl group, a 2-methoxyphenyl group, a 3-methoxyphenyl group, a 
4-methoxyphenyl group, a 2,4-dimethoxyphenyl group, a 2,5-dimethoxyphenyl group, a 2,6-dimethoxyphenyl group, an 
a-naphthyf group, a 3-methyl-a-naphthyl group, a 3,6-dimethyl-a-naphthyl group, a p-naphthyl group, a 1-methyl-p- 
naphthyl group, a 3-methyl-p-naphthyl group and the like. 

[0033] W is preferably an alkylene group or a divalent group expressed by -Ar-(CH 2 ) n -(Q) n -(CH2) n -Ar« in the above 
formula (6). Examples of such a divalent group include a 1 ,2-ethylene group, a 1 ,3-propylene group, a 1 ,3-dimethyl-1 ,3- 
propylene group, a 1,4-butylene group, a 1 ,5-pentyiene group, a 1,6-hexylene group, a 1,8-octylene group, a 1,2-phe- 
nylene group, a 1,3-phenylene group, a 2,3-naphthylene group, a 1,8-naphthylene group, a l.r-biphenyl^'-diyl 
group, a 1 , 1 '-binaphthyl-TJ'-diyl group, a 1 , 1 '-binaphthyl-^'-diyl group, a 2,2'-binaphthyM , 1 '-diyl group, a 2,2'-binaph- 
thyl-3,3'-diyl group, and the like. 

[0034] Preferable exampl es of the polyorganophosphite expressed by the formula (9) include a compound wherein 
Z is a divalent group expressed by -Ar-(CH2) n -Q n -(CH2) n -Ar-in the formula (6), n\ A is at least 1 and W is expressed by 
the following formula (10). 



[0035] In the above formula, Q and n are as defined in the formula (6), and R 32 and R 33 are respectively independ- 
ently a C r C 12 alkyl, cycloalkyl, alkoxy, silyl or siloxy group, or a halogen atom or a hydrogen atom, examples of which 
include a methyl group, an ethyl group, a n-propyl group, an isopropyl group, a n-butyl group, a methoxy group, an 
ethoxy group, a n-propoxy group, a hydrogen atom, a fluorine atom, a chlorine atom, a bromine atom, an iodine atom 
and the like. Also, R 28 to R 31 are respectively independently a C r C 20 alkyl. cycloalkyl, alkoxy, silyl or siloxy group, or a 
halogen atom or a hydrogen atom, example of which include a methyl group, an ethyl group, a n-propyl group, an iso- 
propyl group, a n-butyl group, a t-butyl group, a neoperrtyl group, a 2,2-dimethylbutyl group, a nonyl group, a decyl 
group, a methoxy group, an ethoxy group, a t-butoxy group and the like. Also, R 30 and R 32 or R 31 and R 33 may be 
bonded to each other to form a condensed ring such as a 1 , 1 , -binaphthyl-2.2'<liyl group or the like. 
[0036] In the above formula (10), R 28 and R 29 are preferably a C3-C20 alkyl group having a branched group at the 
1 -position. Also, R 30 and R 31 are a C r C2 0 alkyl or alkoxy group, or R 30 and R 32 or R 31 and R 33 may preferably be 
bonded to each other to form a part of a naphthalene ring which may have an alkyl or alkoxy group as a substituent. 
Examples of W expressed by the formula (10) include a 3,3'-di-t-butyM ,1 '-binaphthyl-2,2'-diyl group, a a.S'.e.e'-tetra-t- 
butyM.V-binaphthyl^.Z-diyl group, a S.S'-di-t-bubyl-e.e'^i-t-butoxy-I.V-binaphthyl^^'-diyl group, a 3,3'-di-t-pentyI- 
1 ,1-binaphthyl-2,2'-diyl group, a S.S'.e.S-tetra-t-pentyl-l.r-binaphthyl^.^^liyl group, a 3,3^i-t-butyl-5,5'-dimethyM,r- 
biphenyl-2,2'-diyl group, a 3,3 , ,5,5 , -tetra-t-butyl-1,V-biphenyl-2,2 , <liyl group, a S.S'.S.S'-tetra-t-pentyl-l.r-biphenyi^^'- 
diyl group, a S.S'Hji-t-butyl-S.S'-dimethoxy-I.V-biphenyl^^'-diyl group, aS^-di-t-butyl-S.S'.e.eMetramethyl-l.r-biphe- 
nyl-2,2'-diyl group, aS.S^.S.S'-tetra-t-butyl-e.^-dimethyM.I'-biphenyl^.^-diyl group, a S.^S.SMetra-t-pentyl-S.S'-dime- 
thyM.V-biphenyl^'-diyl group, a S.S'-di-t-butyl-S.S'-dimeth^^ group, a 3,3\5,5'- 



R 



,29 




(10) 
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tetra-l-butyi-6,6'-dichloro-1 f 1 , -biphenyl-2,2 t -diyl group, and the like. 

[0037] The most preferable example of W expressed by the formula (10) is a compound wherein R 32 and R 33 are 
respectively independently a C r C3 alkyl or alkoxy group or a halogen atom, such as a methyl group, an ethyl group, a 
n-propyl group, an isopropyl group, a methoxy group, an ethoxy group, a n-propoxy group, an isopropoxy group, a f luo- 

s rine atom, a chlorine atom, a bromine atom, an iodine atom or the like. Such examples of W include a S.a'-cfi-t-butyl- 
5,5',6,6 , -tetramethyl-1 I V-biphenyl-2,2 , ^diyl group, a S.a'.S.S'-tetra-t-butyl-e.^-dimethyl-I.V-biphenyl^^'-diyl group, a 
S.S'.S.SMetra-t-butyl-e.e'-diethyl-l , 1 '-biphenyl-^'-diyl group, a a.S'.S.S'-tetra-t-butyl-e.e'-dimethoxy-l ,1 '-biphenyl^.Z- 
diyl group, a S.S'^i-t-butyl-S.S^methoxy-e.e'Klichloro-I.V^iphenyl^^'-diyl group, a S.S'.S.S^tetra-t-butyl-e^'-dif- 
luoro-1 , 1 '-biphenyl^'-diyl group, and the like. 

w [0038J Some examples of the polyphosphite expressed by the formula (9) are illustrated in the following Table 2. 
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Table 2 (continued) 
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Table 2 (continued) 
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Table 2 (continued) 
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Table 2 (continued) 



No.20 



No.21 



MeO MeO 




MeO MeO 




\ /0"O~ 05,11,9 
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Table 2 (continued) 
No.23 



No.24 



No.25 
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Table 2 (continued) 
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Table 2 (continued) 
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ile 2 (continued) 
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Table 2 (continued) 



No.3S 



No.36 



No.37 




20 




55 



21 




22 



EP 1 008 581 A1 



Table 2 (continued) 
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Table 2 (continued) 




55 



27 



EP 1008 581 A1 



Table 2 (continued) 



No.80 No.81 
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[0039] Hydroformylation reaction can be carried out by using an olefinic compound of a starting material as the 
main solvent, but it is usually preferable to employ a solvent inert to the reaction. Examples of such a solvent include 
aromatic hydrocarbons such as toluene, xylene, dodecylbenzene or the like, ketones such as acetone, diethylketone 
methyl ethyl ketone or the like, ethers such as tetrahydrofuran, dicxane or the like, esters such as ethyl acetate, di-n- 
octylphthalate or the like, and a mixture of high boiling components by-produced during the hydroformylation reaction, 
such as an aldehyde condensate, and further an aldehyde per se as a reaction product. Among them, an aromatic 
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hydrocarbon such as toluene, xylene or the like, or a mixture of high boiling components by-produced during the reac- 
tion, or a combination thereof, are preferable. 

[0040] A concentration of a rhodium complex catalyst in a reaction zone is usually from 0.05 to 5,000 mg, preferably 
from 0.5 to 1,000 mg, more preferably from 10 to 500 mg, as rhodium metal in one litter of liquid phase. An organic 
phosphite is used in an amount of usually about from 0.1 to 500 time mols, preferably from 0.1 to 100 time mols, more 
preferably from 1 to 30 time mols, to rhodium. The organic phosphite may be used in a mixture of a few kinds. 
[0041] Any olefinic compounds may be used as a starting material, provided that they have at least one olefinic 
double bond in a molecule. The olefinic double bond may be present at the terminal or in the inside of a molecular chain. 
A carbon chain constituting molecule may be any of linear, branched or cyclic chain. Also, the molecule may contain a 
carbonyl group, a hydroxyl group, an alkoxy group, an alkoxycarbonyl group, an acyl group, an acyloxy group, a halogen 
atom or the like, which is substantially inert to hydrofbrmylation reaction. Typical examples of the olefinic unsaturated 
compound include a-olefin, internal olefin, alkyi alkenoate, alkenyl aWanoate, alkenyl alkylether, alkenol and the like. 
Some examples of the olefinic unsaturated compound include ethylene, propylene, butene, butadiene, pentene, hex- 
ane, hexacfiene. octene, octadiene, nonene, decene, hexadecene, octadecene, eicosene, docosene, styrene. a-meth- 
ylstyrene, cyciohexene, and a Iowa- olefin mixture such as a mixture of propylene/butene, a mixture of 1-butene/2- 
butene/isobutylene, a mixture of 1 -butene/2-butene/isobutylene/butadiene or the like, olefins such as an olefin oligomer 
isomer mixture of from dimer to tetramer of a lower olefin including propylene, n-butene. isobutylene, and the like, a 
hydrocarbon olefin such as 3-phenyM-propene, 1,4-hexadiene, 1,7-octadiene, 3-cyclohexyl-1 -butene, and the like, and 
polar group-substituted olefins such as acrylonitrile, ally! alcohol, 1-hydroxy-2,7-octadiene, 3-hydroxy-1,7-octadiene. 
oleyl alcohol, 1-methoxy-2,7-octadiene, methyl acrylate, methyl methacrylate, methyl oleate, oct-1-en-4-ol. vinyl ace- 
tate, ally! acetate. 3-butenyl acetate, allyl propionate, vinyl ethyl ether, vinyl methyl ether, ally! ethyl ether, n-propyl-7- 
octenoate, 3-butenenitrile, 5-hexenamide and the like. Preferably, a monoolefinic unsaturated compound having only 
one olefinic double bond in a molecule is used. More preferably, a C2-C20 olefin such as propylene, 1 -butene, 2-butene, 
isobutene, and their mixture, 1 -octene, mixed octene, and the like. 

[0042] The reaction temperature of hydroformylation reaction is usually in the range of from 15 to 150°C, preferably 
from 30 to 1 30°C, more preferably from 50 to 1 1 0°C. The reaction pressure is usually in the range of from normal pres- 
sure to 200 kg/crr^G, preferably from 1 to 100 kg/crr^G, most preferably from 3 to 50 kg/crtfG. A molar ratio of hydro- 
gen of oxo gas/carbon monoxide (H2/CO) to be charged into the reaction zone is usually in the range of from 10/1 to 
1/10, preferably from 1/1 to 6/1 . 

[0043] The reaction can be carried out by any system of continuous system and batchwise system, but is usually 
carried out by continuous system. Thus, a reaction solvent containing a catalyst, a starting olefinic compound and oxo 
gas are continuously charged into the reaction zone, and a reaction product solution containing an aldehyde product is 
continuously withdrawn from the reaction zone, and a reaction solvent containing a catalyst remaining after separating 
at least the aldehyde product is continuously recycled into the reaction zone as a catalyst solution. The separation of 
the aldehyde product can be carried out by optional method, but is usually carried out by distillation. When the separa- 
tion of aldehyde from the reaction product solution is carried out by distillation, a rhodium complex catalyst is generally 
easily deactivated. Particularly, since a rhodium complex catalyst of the present invention having an organic phosphite 
as a ligand has a high activity, the hydroformylation reaction is often carried out at such a relatively low temperature as 
mentioned above, and the distillation temperature of separating aldehyde from the reaction product solution becomes 
higher, and in such a case, the deactivation of the rhodium complex catalyst is mainly caused in this distillation step. 
[0044] Accordingly, the distillation is carried out preferably at a temperature of at most 150°C, more preferably at 
most 130°C, most preferably from 50 to 120°C. When the boiling point of an aldehyde product is high, it is preferable to 
employ vacuum distillation usually under a reduced pressure in the range of from 755 mmHg to 1 mmHg preferably 
from 750 mmHg to 5 mmHg. 

[0045] One of main causes of the deactivation of the rhodium complex catalyst during distillation is due to the fact 
that the rhodium complex becomes an unsaturated coordination state since carbon monoxide and hydrogen easily 
coordinatable to rhodium are not present in the distillation system, and it is considered that an organic phosphonate of 
the formula (a) formed from an organic phosphite is bonded to the rhodium complex, thereby deactivating the catalyst 
activity of rhodium. 



HP(0)(OX 1 )(OX2) (a) 

(Wherein X 1 is hydrogen or a monovalent organic group, and X 2 is a monovalent organic group, and X 1 and X 2 may be 
bonded to each other to form a divalent organic group.) 

[0046] Details of the mechanism are not clear, but it is considered that P-H bond df the organic phosphonate is oxi- 
dative^ added to rhodium metal, or phosphorous acid diester, i.e. a trivalent phosphorus compound present as a tau- 
tomerism isomer of an organic phosphonate, is coordinated to rhodium metal. 

[0047] The tendency that an organic phosphonate poisons the rhodium complex catalyst varies depending on the 
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organic phosphonate structure, and an organic phosphonate having a large steric hindrance generally has a less poi- 
soning function. It is therefore considered that an organic phosphonate having a substituent on a carbon atom adjacent 
to a carbon atom having an oxygen atom bonded to a phosphorus atom, for example, in the organic phosphonate of the 
formula (11) formed from the organic phosphite of the formula (3) or the organic phosphonate of the formula (12) formed 
from the organic phosphite of the formula (9), has a less poisoning function. 



(11) 



( OH )ml+m2-2 



(12) 



20 

[0048] It is considered that the mechanism of forming an organic phosphonate from an organic phosphite is hydrol- 
ysis. Thus, when one of substituents of the organic phosphite is lost by hydrolysis, phosphorous acid diester is formed, 
which is converted to an organic phosphonate by tautomerism. Accordingly, the organic phosphite of the formula (3) 
25 produces the organic phosphonate of the formula (1 1). The organic phosphonate of the formula (12) is not produced by 
simple hydrolysis of the organic phosphite of the formula (9), but is produced by way of splitting and rebonding of P-O 
bond. The organic phosphite of the formula (9) produces the following organic phosphonates in addition to the organic 
phosphonate of the formula (1 2). 

30 



35 



40 



[0049] Also, the organic phosphite of the formula (9) produces the following organic phosphonates. 

M 
"OS. 



(OH) O 



50 



55 



w- 



16 



o 



H 
OH 
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[0050] Some examples of the organic phosphorate which are considered to be produced from the organic phos- 
phites of Table 2 are illustrated in the following Table 3. 

Table 3 




No. 1 No. 2 No. 3 




No. 10 No. 11 No. 12 



33 



EP1 008 581 A1 




Table 3 (continued) 



10 




No. 13 




No. 14 



15 



20 




No. 15 




No.. 16 



25 



30 




No. 17 




No. 18 



35 



40 




No. 19 




No. 20 



45 




50 



No. 21 



55 



[0051] In the present invention, when recovering a catalyst solution, i.e. a solution containing a rhodium complex 
catalyst, from a reaction product solution in the separation step, an aldehyde is made present in the catalyst solution. 
The aldehyde reacts with an organic phosphonate to form a hydroxyalkylphosphonic acid, which is less poisonous to 
the rhodium catalyst as compared with the organic phosphonate. The reason is not clear, but since the hydroxyalkyl- 
phosphonic add can not be a trivalent structure by tautomerism and does not have a P-H bond to be oxidatively added 
to rhodium metal, the hydroxyalkylsulfonic acid basically can not bond with rhodium and is therefore less poisonous. 



34 




EP 1 008 581 A1 

[0052] An aldehyde is made present in an amount of at least equivalent mol to an organic phosphonate in a catalyst 
solution, but is usually made present in an amount of from 0.5 to 99 wt%. The term "catalyst solution" means a solution 
containing a solvent and a catalyst after separating a reaction product from a reaction product solution. In order to 
remove an organic phosphonate by accelerating reaction between the organic phosphonate and the aldehyde, it is pref- 
erable to make an aldehyde concentration in the catalyst solution higher, for example, at least 1 wt%, more preferably 
at least 3 wt% in the catalyst solution. Also, when the produced aldehyde is used as a reaction solvent, the aldehyde 
concentration in the catalyst solution may be high, but in such a case, an amount of the aldehyde charged into the reac- 
tion zone increases, and causes a side-reaction such as aldol condensation. Therefore, it is preferable to make the 
aldehyde concentration in the catalyst solution at most 70 wt%, more preferably at most 50 wt% most preferably at 
most25wt%. 

[0053J As mentioned above, an organic phosphonate lowers a catalyst activity, and becomes an intermediate of a 
component for accelerating decomposition of an organic phosphite, and therefore it is not preferable to make the 
organic phosphonate present in a large amount On the other hand, if the amount of the organic phosphonate is small, 
the stability of rhodium is unexpectedly improved. This stabilizing effect becomes more effective when an amount of 
coexisting organic phosphite is decreased, e.g. when P/Ph ratio in the organic phosphite is 0.1-10, preferably 0.5-5. 
Thus, in the hydroformylation reaction of using a complex catalyst comprising rhodium and an organic phosphite, there 
is a case where an insoluble rhodium compound is formed in a minor amount The structure of the insoluble rhodium 
compound is not clear, but it is considered that it is formed by way of a rhodium material not stabilized by the organic 
phosphite or other ligand. Thus, it is considered that the organic phosphonate is coordinated also to the coordination- 
unsaturated rhodium material, and consequently the stability is improved. That is. if the amount of the organic phospho- 
nate is controlled in a predetermined range, a catalyst is not poisoned but rather stabilized. Accordingly, depending on 
the structure of the organic phosphonate, the stabilizing effect of rtiodium becomes high or the poisoning effect of cat- 
alyst becomes high even when its presence is minor. 

[0054] Thus, the amount of the organic phosphonate to coexist with rhodium varies depending on the structure of 
the organic phosphonate, but is usually from 0.0001 to 5 time mols. preferably from 0.001 to 3 time mols, most prefer- 
ably from 0.01 to 1.5 time mols, to rhodium metal. Among them, the amount in the range of from 0.05 to 1 time mol is 
particularly most preferable. Also, the range of a preferable amount varies depending on the structure of the organic 
phosphonate. Generally, an organic phosphonate, the steric hindrance of which is not large, is largely poisonous, and 
the organic phosphonates of the formulae (1) and (1 3) and the organic phosphonates having no substituent on a carbon 
atom adjacent to a carbon atom having an oxygen atom bonded to a phosphorus atom in z of the formula (15) and in 
W of the formula (12) are largely poisonous. Such organic phosphonates are present preferably in an amount of from 
0.001 to 2 time mols, more preferably from 0.001 to 1 time mol, to rhodium metal. In the present specification, an 
amount of an organic phosphonate includes not only an organic phosphonate present in a free state but also an organic 
phosphonate forming a complex by bonding to rhodium metal. Thus, the amount of the organic phosphonate is a total 
amount of that of free state and that of bonded state. 

[0055] An organic phosphonate can be quantitatively measured generally by high speed liquid chromatography 
NMR spectrum or the like. 

[0056] According to one preferable embodiment of the present invention, an olefinic compound, mixture of hydro- 
gen and carbon monoxide gas and a catalyst solution are continuously charged into a stirring tank type reactor or a bub- 
bling column type reactor to produce an aldehyde. A reaction product solution is continuously withdrawn from the 
reactor as a gas-liquid mixture phase current, and is introduced into a gas-liquid separator wherein a gas phase com- 
prising unreacted hydrogen and carbon monoxide gas and sometimes unreacted olefinic compound and a liquid phase 
comprising the reaction product solution are separated. The gas phase is pressurized and is recycled into the reactor. 
In the recycling step, it is preferable to remove a part of the gas outside the system in order to prevent accumulation of 
impurities. The liquid phase is distilled in a distillation column, and an aldehyde is distilled out from the top of the distil- 
lation column, and a rhodium complex catalyst and a catalyst solution containing an aldehyde at a predetermined con- 
centration are recovered from the bottom of the distillation column and are recycled into the reactor. In the recycling 
step, in order to prevent accumulation of an aldd condensation product, it is preferable to remove a part of the catalyst 
solution out of the system and to purify the catalyst solution by extraction, crystallization or other means. The rhodium 
and organic phosphite thus lost by these operations are freshly supplied, and the amount of rhodium and an organic 
phosphite in the system are maintained substantially constant. 

[0057] According to the present invention, it is possible to carry out the reaction for a long period of time, usually at 
least 1 month, without refreshing a catalyst. From economical viewpoint, it is preferable to use the catalyst as long as 
possible, and according to the present invention, it is possible to continuously use the catalyst for a long period of time 
of at least 6 months, if desired, at least 1 year. 

[0058] Aldehydes obtained by the process of the present invention can be used as they are, for hydrogenation reac- 
tion in accordance with well known methods including the methods disclosed in U.S.P. 5,550,302 and U.S.R 5,657,644, 
or for hydrogenation reaction after dimerization, to produce an alcohol such as n-butanol, 2-ethyl hexanol, nonyl alcohol 
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and the like, suitable as a plasticizer. 
Examples 

[0059] Hereinafter, the present invention is further illustrated with reference to Examples, but should not be limited 
thereto. 

REFERENCE EXAMPLE 1 Preparation of phosphonate (I) 

[0060] About 250 ml of a toluene solution having 12.37 g (28.2 mmol) of 3,3 , t 5 i 5 , -tetra-^butyl-6 i 6 , -dimethyl-2,2 , - 
hydroxybiphenyf and 9.62 g (95.1 mmol) of triethylamine dissolved was dropwise added to about 300 ml of a toluene 
solution having 4.22 g (30.7 mmol) of phosphorus trichloride dissolved, under stirring in an nitrogen atmosphere at 0°C 
for 1.5 hours. Thereafter, the resultant mixture was heated to 70°C, and was stirred for 1 hour, and was then cooled to 
room temperature, and was filtrated to remove triethylamine hydrochloride salt precipitated. 1 00 ml of water was added 
to the filtrate, and the resultant mixture was healed to 70°C and was stirred for 1 hour. A toluene phase was taken by 
separation, and was washed with water 3 times, and was washed with saturated brine 3 times. Ihe toluene phase thus 
treated was dehydrated by anhydrous magnesium sulfate, and the solvent was distilled off. To the residue thus 
obtained, were added a small amount of toluene and about 50 ml of acetonitrile, and the resultant mixture was stirred 
in suspension state, and was then filtrated. A solid obtained was dried under reduced pressure and 7.15 g (yield 52%) 
of O.O'-S.^.S^-tetra-t-butyl-S.e'-dimethyl^^'-diylphosphonate of the following formula was obtained. This product is 
referred to as "phosphonate (I)". 



REFERENCE EXAMPLE 2 Preparation of rhodium-phosphonate complex 

[0061] The above complex was prepared in accordance with Faraone method disclosed in J. Chem. Soc Dalton 
Trans. 4357 (1996). 

[0062] 532.5 mg (2.06 mmol) of rhodium dicarbonyl acetyl acetonate complex and 2.00 g (4. 1 3 mmol) of phospho- 
nate (I) were dissolved in 250 ml of dry toluene. The resultant solution was stirred in a nitrogen atmosphere at room 
temperature for 25 hours, and the toluene was distilled off under reduced pressure. The residue thus obtained was dis- 
solved in 1 00 ml of hexane, and was f fltrated to remove insoluble materials, and the filtrate was distilled under reduced 
pressure, and to the residue thus obtained, was added acetonitrile, and the resultant mixture was stirred in suspension 
state. The mixture was then filtrated to obtain a yellow powdery solid. The product is considered to have the following 
structure. 
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[0063] According to 31 P-NMR analysis, the main product has a purity of 82%, and there was formed other phos- 
is phonate complex, the structure of which was not clear. The main product had the following spectrum data. 

31 P-NMR (162 MHz, CDCI3); 611 1. 2d, J=197 Hz 

1 H-NMR (400 MHz, CDCI 3 . 23°C); 81.39 (18H,s), 1.40(18H,s), 1.44(18H,s), 1.51(18H ( s), 1.94(6H,s), 2.03(6H,s), 
7.40(2H,s), 7.42(2H,s) 1 
20 IRfCDCy 2098, 2057 cm* 1 

EXAMPLE 1 

[0064] Into a stainless-made autoclave having an internal volume of 1 00 ml, were charged 273.8 mg of the above 
25 prepared rhodium-phosphonate complex, 1 .0408 g of the following organic phosphite, 25 ml of toluene and 25ml of n- 
butyraldehyde in a nitrogen atmosphere. During the charge, rhodium concentration was 500 mg//, mol ratio of organic 
phosphite to rhodium was 4, mol ratio of organic phosphonate to rhodium was 2, and aldehyde concentration was 48 
wt%. The autoclave was sealed, and the content was heated to 90°C while stirring. 31 P-NMR analysis data of the reac- 
tion solution after maintaining at this temperature for a predetermined time are shown in the following Table. According 
30 to 31 P-NMR, phosphonate complex, phosphonate and phosphonic acid exhibit signals respectively at different chemical 
shift, and they can be quantitatively determined by their integrals. 



Reaction time 


1 


12 


Remaining ratio of rhodium-phosphonate complex (%) 


77 


0 


Production ratio of organic phosphonate (I) (%) 


16 


21 


Production ratio of hydroxybutylphosphonic acid (%) 


8 


79 



45 



50 



55 
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Organic phosphate: 
[0065] 

5 

10 

15 




20 



EXAMPLE 2 

25 [0066] The same procedure as in Example 1 was repeated, except that toluene was charged in an amount of 49.5 
ml and n-butyraldehyde was charged in an amount of 0.56 ml. The aldehyde concentration in the charged solution was 
1 wt%. The results are shown in the following Table. 



30 



Reaction time 


1 


12 


Remaining ratio of rhodium-phosphonate complex (%) 


84 


5 


Production ratio of organic phosphonate (1) (%) 


12 


67 


Production ratio of hydroxybutylphosphonic acid (%) 


4 


28 



COMPARATIVE EXAMPLE 1 

40 [0067] The same procedure as in Example 1 was repeated, except that the nitrogen gas was replaced by oxo gas 
(mixed gas of hydrogen: carbon monoxide=1 :1 (mol ratio)) and the reaction mixture was maintained under a pressure 
of 5 kg/crr^G at 90°C. The results are shown in the following Table. 



45 



Reaction time 


1 


4 


Remaining ratio of rhodium-phosphonate complex (%) 


20 


0 


Production ratio of organic phosphonate (I) (%) 


72 


34 


Production ratio of hydroxybutylphosphonic acid 


9 


66 



COMPARATIVE EXAMPLE 2 

55 [0068] The same procedure as in Example 1 was repeated, except that toluene was charged in an amount of 50 ml 
and n-butyraldehyde was not charged. The results are shown in the following Table. 
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Reaction time 


1 


12 


24 


Remaining ratio of rhodium-phosphonate complex (%) 


98 


46 


8 


Production ratio of organic phosphonate (I) (%) 


3 


54 


92 


Production ratio of hydroxybutylphosphonic acid 


0 


0 


0 



COMPARATIVE EXAMPLE 3 

[0069] The same procedure as in Example 1 was repeated, except that toluene was charged in an amount of 50 ml 
and n-butyraldehyde was not changed and the nitrogen gas was replaced by oxo gas (mixed gas of hydrogen: carbon 
monoxide=1 :1 (mol ratio)) and the reaction mixture was maintained under a pressure of 5 kg/cm^ at 90°C. The results 
are shown in the following Table. 



Reaction time 


1 


4 


Remaining ratio of rhodium-phosphonate complex (%) 


21 


0 


Production ratio of organic phosphonate (I) (%) 


79 


100 


Production ratio of hydroxybutylphosphonic acid 


0 


0 



REFERENCE EXAMPLE 3 Preparation of phosphonate (II) 

[0070] About 200 ml of a toluene solution having 5.50 g(38.2 mmol) of cc-naphthol and 3.47 g (43.9 mmol) of pyri- 
dine dissolved was dropwise added to about 1 ,000 ml of a toluene solution having 3.74 g (27.2 mmol) of phosphorus 
trichloride in a nitrogen atmosphere at 0°C for about 2 hours under stirring. Thereafter, the reaction mixture was heated 
to 40°C, and was stirred for 0.5 hour, and was then cooled to room temperature. 300 ml of water was added to the 
resultant mixture, and the mixture was stirred for 0.5 hour. A toluene phase was obtained by separation, and was 
washed with water two times, and was dehydrated with anhydrous magnesium sulfate, and the toluene was distilled off 
To the residue thus obtained, was added acetonitrile, and the solvent was distilled off again to fully remove toluene The 
residue thus obtained was dried under reduced pressure to obtain 2.5 g of a thick malt syrup-like product According to 
NMR analysis, the product contained 72.1 wt% of di-a-naphthylphosphonate f and further contained mono-a-naphthyl- 
phosphonate and starting a-naphthol. The product is referred to as "phosphonate (II)". 

EXAMPLES 3 to 6 and COMPARATIVE EXAMPLE 4 



[0071] Into a stainless steel-made autoclave having an internal volume of 200 ml with up and down stirring system 
was charged a solution having 19.7 mg (0.036 mmol) of di-ji-aceto-bis (1 ,5-cyclooctadiene)dirhodium ([Rh(C 8 H 12 )fti- 
CH3CO2M2), 312.5 mg (0.292 mmol) of phosphite of the following formula and phosphonate dissolved in 60 ml of tolu- 
ene, in a nitrogen atmosphere, and 4.53 g of propylene was further charged thereinto. The autoclave was heated to 
70°C. and mixed gas of hydrogenrcarbon monoxides :1 (mol ratio) was press-introduced thereinto up to 9.3 kg/cm 2 G 
to start reaction. During the reaction, a mixed gas of hydrogen:carbon monoxide=1 :1 (mol ratio) in a pressure reserver 
was supplied thereto by way of a pressure controller to maintain a constant pressure. The proceeding of the reaction 
was monitored by the pressure drop in the pressure reserver. 

[0072] The autoclave was cooled to room temperature when the pressure drop in the pressure reserver was not 
observed. A gas and a liquid in the autoclave were measured by gas chromatography. The results are shown in the fol- 
lowing Table 4. 
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Phosphite: 
[0073] 

5 
10 
15 




20 



Table 4 







Phosphonate 


Reaction 
time (hr) 


Reaction performances 




Kind 


Amount 
(mg) 


L/Rh *1 




Propylene 
reaction 
rate (%) 


n/i*2 


Propylene 
half-period 
(min) *3 


Relative 
activity *4 


Example 3 


I 


17.7 


0.5 


2.6 


98.7 


74.4 


14.8 


0.97 


Example 4 


II 


135.8 


4.0 


4.5 


98.0 


75.0 


42.7 


0.34 


Example 5 


II 


16.9 


0.5 


2.6 


97.5 


73.2 


16.9 


0.84 


Example 6 


I 


141.6 


4.0 


3.0 


98.0 


73.5 


17.7 


0.81 


Comparative 
Example 4 






0 


2.5 


98.5 


75.2 


14.3 


1.0 



*1 Mol ratio of phosphonate to rhodium complex 
*2 Ratio of n-butyraWehyde to isobutyraldehyde in product 
*3 Calculated from pressure drop in pressure re server 

*4 Calculated from propylene half-life (Activity is estimated to be 1 when phosphonate is not added.) 



45 REFERENCE EXAMPLE 4 

[0074] Hydroformylation reaction was carried out in the same manner as in Example 6, except that the phospho- 
nate (I) was replaced by 324.8 mg (mol ratio of phosphorus to rhodium = 8) of the following hydroxybutylphosphonate 
(which is a reaction product of phosphonate (I) and butyraldehyde). As this result, absorption of gas stopped after 2.8 
so hours. The reaction performances were propylene conversion 98.1% and n/i ratio of the produced butyraldehyde = 72 1 
The propylene half-life was 1 4.8 minutes, and as compared with the result of Example 6, it was observed that there was 
a tendency of lowering a catalyst-poisoning function when the aldehyde was reacted with the phosphonate. 



55 
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10 




IS 

EXAMPLE 7 

[0075] The reaction was carried out in the same manner as in Example 3, except that the rhodium complex and 
phosphonate were replaced by 82.1 mg of rhodium-phosphonate complex prepared in Reference Example 2 and the 
20 phosphite amount was made 31 1 .9 mg (0.291 mmol). As this result, the propylene conversion was 96.9%, the n/i ratio 
was 72.1 and the propylene half-life was 85.7 minutes, at the reaction time of 4.5 hours. 

EXAMPLES 8 to 15 and COMPARATIVE EXAMPLES 5 and 6 

25 [0076] Into a stainless steel-made autoclave having an internal volume of 200 ml with up and down stirring type 
were charged 90 ml of mixed octene obtained by dimerization of butene, 1 0 ml of xylene, 1 2.6 mg (0.049 mmol) of rho- 
dium dicarbonyl acetylacetonate, 632 mg (0.98 mmol) of tris(2,4-di-t-butylphenyl)phosphite and phosphonate in a nitro- 
gen atmosphere. The autoclave was flushed with nitrogen, and was heated to 130°C under stirring. A mixed gas of 
hydrogen: carbon monoxide=1:1 (mol ratio) was introduced up to 50 kg/crr^G, and the reaction was carried out at 

30 1 30°C under a pressure of 50 kg/cm 2 G for 30 minutes. The results are shown in the following Table 5 



Table 5 





Phosphonate 


Octene conversion (%) 




Kind 


Amount (mg) 


P/Rh * 3 




Example 8 


A* 1 


45.5 


2.0 


20.9 


Example 9 


A 


22.6 


1.0 


40.3 


Example 10 


A 


17.0 


0.75 


47.5 


Example 11 


A 


11.3 


0.5 


50.2 


Example 12 


B " 2 


28.5 


2.2 


41.9 


Example 13 


B 


13.3 


1.0 


44.7 


Example 14 


B 


7.7 


0.58 


45.5 


Example 15 


B 


3.7 


0.28 


49.5 


Comparative Example 5 






0 


53.1 


Comparative Example 6 


A 


2240 


100 


0' 4 



*1 Bis(2,4-drt-bulylpheny0phosphonate 
*2 Mono(2,4-di-t-butylphenyl)phosphonate 
*3 Mol ratio of phosphonate to rhodium complex 
*4 Conversion alter reacting for 5 hours was 0. 
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REFERENCE EXAMPLE 5 Preparation of phosphonate from phosphite 

[0077] Into a stainless steel-made autoclave having an internal volume of 100 ml, was charged a solution having 
1 6.2 mg of di-ji-aceto-bis(1 ,5-cyclooctadiene)dirhodium complex and 260.1 mg of phosphite same as used in Example 

5 1 dissolved in 50 ml of toluene. A mixed gas of hydrogen:carbon monoxide=1 :1 (mol ratio) was introduced thereinto up 
to 9 kg/cm 2 G, and the resultant mixture was stirred at room temperature for 15 minutes to activate the catalyst, and 
the gas was discharged. Thereafter, the autoclave was flushed with nitrogen gas, and was heated at 130°C for 136 
hours. The autoclave was cooled, and the reaction solution was analyzed by high speed liquid chromatography, and as 
this result, it was observed that 61% of the charged phosphite was decomposed and that the following phosphonate 

10 was produced in an amount of 1 6 mol% to the phosphite. 



15 



20 




25 EXAMPLE 16 

[0078] Into a stainless steel-made autoclave having an internal volume of 200 ml with up and down stirring type, 
were charged 90 ml of mixed octene obtained by dimerization of butene, 10 ml of meta-xylene. 12.6 mg (0.049 mmol) 
of rhodium dicarbonylacetylacetonate and 44.7 mg (0.098 mmol) of phosphonate (No. 1 in Table 3) having the following 
30 formula in a nitrogen atmosphere. The autoclave was flushed with nitrogen, and was then heated to 130°C under stir- 
ring. A mixed gas of hydrogenxarbon monoxide=1 :1 (mol ratio) was introduced thereinto up to 50 kg/crrr^G, and reac- 
tion was carried out at 130°C under a pressure of 50 kg/crr^G for 5 hours, and conversion of starting material was 
50.2%. Also, after the reaction, the reaction solution was homogeneous. 
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EXAMPLE 17 

so [0079] Into a stainless steel-made autoclave having an internal volume of 200 ml with up and down stirring type, 
were charged 90 ml of mixed octene obtained by dimerization of butene. 10 ml of meta-xylene and 52.7 mg (0.049 
mmol) of rhodium-phosphonate complex having the following structure in a nitrogen atmosphere. The autoclave was 
flushed with nitrogen, and was heated to 130°C under stirring. A mixed gas of hydrogemcarbon monoxide=1:1 (mol 
ratio) was introduced up to 50 kg/cm 2 G, and reaction was carried out at 130°C under a pressure of 50 kg/cm 2 G for 5 

55 hours, and as this result, conversion of the starting material was 52.2%. Also, after the reaction, the reaction solution 
was homogeneous. 
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COMPARATIVE EXAMPLE 7 



[0080] The same procedure as in Example 16 was repeated, except that phosphonate was not added As this 
result, conversion of the starting material was 34.5%. Also, after the reaction, the reaction solution contained a black 
20 rhodium metal deposit. 



EXAMPLE 18 



[0081] Into a stainless steel-made autoclave having an internal volume of 200 ml with up and down stirring type 
were charged 90 ml of mixed octene obtained by dimerization of butene. 10 ml of meta-xylene, 12.6 mg (0.049 mmol) 
of rhodium dicarbonylacetylacetonate. 31 .9 mg (0.049 mmol) of tris(2.4Hji-t-butylpheny0phosphite and 22.5 mg (0 049 
mmol) of phosphonate (No. 1 in Table 3) same as used in Example 16 in a nitrogen atmosphere. The autoclave was 
flushed with nitrogen, and was heated to 130°C under stirring. A mixed gas of hydrogenrcarbon monoxides -1 (mol 
ratio)was introduced thereinto up to 50 kg/cr^G, and reaction was carried out at 130°C under a pressure of 50 
kg/crrfG for 5 hours, and as this result, conversion of the starting material was 67.3%. Also, after the reaction the reac- 
tion solution was homogeneous. 




EXAMPLE 19 



[0082] into a stainless steel-made autoclave having an internal volume of 200 ml with up and down stirring type 
were charged 90 ml of mixed octene obtained by dimerization of butene, 10 ml of meta-xylene. 52.7 mg (0 049 mmol) 

so of rhodium phosphonate complex same as used in Example 1 7 and 32.0 mg (0.049 mmol) of tris(2.4-di-t-butylphe- 
nyl)phosphite in a nitrogen atmosphere. The autoclave was substituted with nitrogen, and was heated to 130°C under 
stirring. A mixed gas of hydrogen:carbon monoxide=1:1 (mol ratio) was introduced thereinto up to 50 kg/cm^ and 
reaction was carried out at 130«C under a pressure of 50 kg/crr^G for 5 hours, and as this result, conversion of stertina 
material was 80.8%. y 

55 [0083] Also, after the reaction, the reaction solution was homogeneous. 
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COMPARATIVE EXAMPLE 8 

[0084] The same procedure as in Example 18 was repeated, except that phosphonate was not added. As this 
result, conversion of the starting material 40.9%. Also, after the reaction, the reaction solution contained a black rho- 
dium metal deposit. 

[0085] The results of Examples 16 to 19 and Comparative Examples 7 to 8 are shown in the following Table 6. 



Table 6 





Phosphonate (P/Rh 
ratio) 


Phosphite (P/Rh 
; ratio) 


Octene conversion 
(%) 


Solution status after 
reaction 


Example 16 


2* 1 


0 


50.2 


No precipitation 


Example 17 


2' 2 


0 


52.2 


No precipitation 


Comparative Exam- 
ple 7 


0 


0 


34.5 


Precipitation of black 
deposit 


Example 18 


r 1 


1 


67.3 


Precipitation of black 
deposit 


Example 19 


2*2 


1 


80.8 


No precipitation 


Comparative Exam- 
ple 8 


o ; 


1 


40.9 


Precipitation of black 
deposit 



*1 : Addition of Rh(acac) (CO) 2 and phosphonate 
*2: Using phosphonate complex 

Phosphite: tris (2 AdM-butylphenyQphosphile Hg/CO 50 KG, 130°C, 5 hrs 



[0086] The present invention is based on the disclosures of Japanese Patent Applications Na 10-351 1 17 and No 
10-354248. 

Claims 



1 . A process for producing an aldehyde, which comprises a reaction step of producing an aldehyde by reacting an 
olef inic compound with carbon monoxide and hydrogen in the presence of a rhodium complex catalyst comprising 
at least rhodium and an organic phosphite in a reaction zone, a separation step of obtaining a catalyst solution con- 
taining the rhodium complex catalyst by separating the aldehyde from a reaction solution taken from the reaction 
zone, and a recycling step of recycling the catalyst solution into the reaction zone, wherein the aldehyde is sepa- 
rated from the reaction solution in such a manner as to make an aldehyde concentration from 0.5 to 99 wt% in the 
catalyst solution. 

2. The process according to Claim 1 , wherein the aldehyde is separated from the reaction solution in such a manner 
as to make an aldehyde concentration from 3.0 to 25 wt% in the catalyst solution. 
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3. The process according to Claim 1 or 2, wherein the organic phosphite constituting the rhodium complex catalyst is 
expressed by the formula (1), 

P(OR 1 )(OR 2 )(OR 3 ) (1) 

wherein R 1 to R 3 are respectively independently a C r C 30 hydrocarbon group or a Cs-Qjo heteroaromatic hydro- 
carbon group, which may have a substituent 

4. The process according to Claim 3, wherein R 2 to R 3 of the formula (1) are respectively independently a substituted 
aryl group expressed by the formula (2) , 




(2) 



wherein R 4 is -CR 9 R 10 R 11 (R 9 , R 10 and R 11 are respectively independently a hydrogen atom or a hydrocarbon 
group which may be f luorinated) or an aryl group which may have a substituent R 5 to R 8 are respectively independ- 
ently a hydrogen atom or an organic group, and adjacent groups of R 5 to R 8 may be bonded to each other to form 
a condensed aromatic ring or a condensed heterocyclic ring. 

5. The process according to Claim 1 or 2, wherein the organic phosphite constituting the rhodium complex catalyst is 
expressed by the formula (3), 



Z >P-0-Y (3 ) 

cr 



wherein Z is a divalent hydrocarbon group which may contain a hetero atom in a carbon chain and may have a sub- 
stituent, and Y is a hydrocarbon group or a heteroaromatic hydrocarbon group, which may have a substituent 

6. The process according to Claim 1 or 2, wherein the organic phosphite constituting the rhodium complex catalyst is 
expressed by the formula (9), 




(9) 



wherein Z is a divalent hydrocarbon group which may contain a hetero atom in a carbon chain and may have a sub- 
stituent R and R 27 are respectively independently a C r C 30 hydrocarbon group or a Cg-Cao heteroaromatic 
hydrocarbon group, which may have a substituent, W is a (m^rn^ valent hydrocarbon group which may contain a 
hetero atom in a carbon chain and may have a substituent, and m 1 and are respectively an integer of 0 to 6, and 
m 1 +m 2 =2-6. 

7. The process according to Claim 6, wherein R 26 and R 27 of the formula (9) are respectively independently an aryl 
group which may have a substituent and W is expressed by the formula (10), 



45 



EP 1 008 581 A1 





(10) 



wherein R 28 and R 29 are respectively independently a C 3 -C 20 branched alkyl group, R 30 and R 31 are respectively 
independently a CyC^ alkyl or alkoxy group R 32 and R 33 are respectively independently a hydrogen atom a hal- 
SfiW" i 8ilyl 9roup ; 7 a or a °i- c is cycloalkyl or alkoxy group. Q is a crosslinking group of - 

CR«R".. -0-. -S-, -NR 17 -, -SiR* 3 * 9 - or -CO-. R« and R 16 of the crosslinking group are respectively -independ- 
ently a hydrogen atom, a C r C 12 alkyl group, a phenyl group, a tolyl group or an anicyl group. R 17 to R 19 are respec- 
tively independently a hydrogen atom or a methyl group, and n is 0 or 1 . J 

8. The process according to any one of Claims 1 to 7. wherein the olefinic compound is selected from the group con- 
sisting of propylene. 1 -butene. 2-butene. isobutene. mixed butene, 1 -octene and mixed octene. 

9. A process for producing an alcohol by directly hydrogenating the aldehyde obtained by the process according to 
any one of Claims 1 to 8 or by dimerizing the aldehyde and then hydrogenating. 

10. A process for producing an aldehyde, which comprises a reaction step of producing an aldehyde by reacting an 
olefinic compound with carbon monoxide and hydrogen in the presence of a rhodium complex catalyst comprising 
at least rhodium and an organic phosphite in a reaction zone, a separation step of obtaining a catalyst solution con- 
taining the rhodium complex catalyst by separating the aldehyde from a reaction solution taken from the reaction 
zone, and a recycling step of recycling the catalyst solution into the reaction zone, wherein from 0.0001 to 5 time 
mols of an organic phosphorate of the formula (a) is present to rhodium in the catalyst solution. 

HPCOXOtfXOX 2 ) (a) 

wherein X 1 is hydrogen or a monovalent organic group. X 2 is a monovalent organic group, and X 1 and X 2 mav be 
bonded to form a divalent organic group. 

1 1. The process according to Claim 10. wherein the catalyst is used by recycling for at least 6 months. 

1 2. The process according to Claim 10 or 1 1 , wherein the organic phosphite constituting the rhodium complex catalvst 
is expressed by the formula (1 ), 

P(OR 1 )(OR 2 )(OR 3 ) {1) 

wherein R 1 to R 3 are respectively independently a C r C 3 o hydrocaibon group or a Cg-Cjo heteroaromabc hydro- 
carbon group, which may have a substituent 

13. The process according to Claim 12, wherein R 1 to R 3 of the formula (1) are respectively independently a substi- 
tuted aryl group expressed by the formula (2). 




(2) 

wherein R 4 is -CR 9 R 10 R 11 (R 9 , R 10 and R 11 are respectively independently a hydrogen atom or a hydrocarbon 
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# 



group which may be fluorinated) or an aryl group which may have a substituent. R 5 to R 8 are respectively independ- 
ently a hydrogen atom or an organic group, and adjacent groups of R 5 to R 8 may be bonded to each other to form 
a condensed aromatic ring or a condensed heterocyclic ring. 

14. The process according to Claim 10 or 1 1 , wherein the organic phosphite constituting the rhodium complex catalyst 
is expressed by the formula (3), 



wherein Z is a divalent hydrocarbon group which may contain a hetero atom in a carbon chain and may have a sub- 
stituent, and Y is a hydrocarbon group or a heteroaromatic hydrocarbon group, which may have a substituent. 

1 5. The process according to Claim 10 or 1 1 , wherein the organic phosphite constituting the rhodium complex catalyst 
is expressed by the formula (9), 



wherein Z is a divalent hydrocarbon group which may contain a hetero atom in a carbon chain and may have a sub- 
stituent, R 26 and R 27 are respectively independently a CvQjo hydrocarbon group or a C5-C30 heteroaromatic 
hydrocarbon group, which may have a substituent, W is a (rnj+m^ valertt hydrocarbon group which may contain a 
hetero atom in a carbon chain and may have a substituent, and m, and mg are respectively an integer of 0 to 6 and 
m^m 2 =2-6. 

16. The process according to Claim 15. wherein R 26 and R 27 of the formula (9) are respectively independently an aryl 
group which may have a substituent and W is expressed by the formula (1 0), 



wherein R 28 and R 29 are respectively independently a C3-C20 branched alkyl group, R 30 and R 31 are respectively 
independently a C r C2o alkyl or alkoxy group, R 32 and R 33 are respectively independently a hydrogen atom, a hal- 
ogen atom, a silyl group a siioxy group or a C r C 12 alkyl. cycloalkyi or alkoxy group, Q is a crosslinking group of - 
CR 15 R 16 -, -0-, -S-. -NR 17 -, -SiR 18 R 19 - or -CO-, R 15 and R 16 of the crosslinking group are respectively independ- 
ently a hydrogen atom, a C r C 12 alkyl group, a phenyl group, a tolyl group or an anicyl group, R 17 to R 19 are respec- 
tively independently a hydrogen atom or a methyl group, and n is 0 or 1 . 

17. The process according to any one of Claims 10 to 16. wherein the organic phosphonate is prepared from the 
organic phosphite in the reaction system. 

18. The process according to any one of Claims 10 to 1 7, wherein the organic phosphonate is expressed by the for- 
mula (11), 




(3) 




(9) 




(10) 
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jo 



^ n ^V (U) 

0 ^-o 



wherein Z is a divalent hydrocarbon group which may contain a hetero atom in a carbon chain and may have a sub- 
stituent. 

19. The process according to any one of Claims 10 to 17, wherein the organic phosphonate is expressed by the for- 
mula (12) or (13), 



15 



20 



25 



wherein W is a divalent hydrocarbon group which may contain a hetero atom in a carbon chain and may have a 
substituent, and mt+ma is an integer of from 2 to 6, and 



R 26 ^-H 



R 



27 



(13) 



30 wherein R 26 and R 27 are respectively independently a C r C3 0 hydrocaibon group or a C 5 -C3 0 heteroaromatic 
hydrocarbon group, which may have a substituent. 

20. The process according to any one of Claims 1 0 to 1 9, wherein the organic phosphonate is present in an amount of 
from 0.01 to 1.5 time mols to rhodium. 

35 

21. The process according to any one of Claims 10 to 20, wherein the olefinic compound is selected from the group 
consisting of propylene, 1 -butene, 2-butene. isobutene, mixed butene. 1 -octene and mixed octene. 

22. A process for producing an alcohol by directly hydrogenating the aldehyde obtained by the process according to 
40 any one of Claims 1 0 to 21 or by dimerizing and then hydrogenating. 
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